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Vaccinia virus enhances its cell-to-cell spread by
stimulating actin polymerization via Src- and Abl-
mediated phosphorylation of the highly conserved
orthopoxvirus protein A36. The Yatapoxvirus, Yaba-
like disease virus (YLDV), also induces actin polymer-
ization, although it lacks an obvious A36 ortholog.
We found that the YLDV protein YL126 can function-
ally replace A36 to promote Nck- and N-WASP-
dependent actin polymerization. At least five phos-
phorylated tyrosines in YL126, rather than a single
residue as in A36, are able to recruit Nck to promote
actin polymerization. As is the case for A36, YL126-
mediated actin tail formation is enhanced by the
recruitment of Grb2 via a single phosphorylated
tyrosine in YL126. Furthermore, highly divergent
YL126 orthologs in Yaba monkey tumor, lumpy
skin disease, Shope fibroma, myxoma, and swine
and squirrel poxviruses also stimulate Nck- and
N-WASP-dependent actin polymerization, suggest-
ing that actin-based motility represents a common
mechanism to enhance the cell-to-cell spread of
vertebrate poxviruses.
INTRODUCTION
A number of unrelated bacterial pathogens, including Listeria
monocytogenes, Shigella flexneri, Rickettsia conorii, Myco-
bacterium marinum, and Burkholderia pseudomallei, have
developed the ability to enhance their cell-to-cell spread by stim-
ulating Arp2/3 complex-dependent actin polymerization (Carls-
son and Brown, 2006; Lambrechts et al., 2008; Stevens et al.,
2006). Understanding how these bacterial pathogens, as well
as EPEC and EHEC induce actin polymerization has provided
extremely important insights into the proteins and mechanisms
involved in recruiting and activating the Arp2/3 complex (Cam-
pellone et al., 2008; Cheng et al., 2008; Hayward et al., 2006;
Leung et al., 2008; Sallee et al., 2008; Vingadassalom et al.,
2009; Weiss et al., 2009). In fact, in vitro motility assays with
Listeria in cell-free extracts were key in identifying the Arp2/3
complex as one of the major cellular factors responsible for stim-
ulating actin polymerization (Welch et al., 1997).536 Cell Host & Microbe 6, 536–550, December 17, 2009 ª2009 ElseBacteria are not unique in their ability to hijack the actin-
nucleating activity of the Arp2/3 complex to enhance their
spread. During vaccinia virus infection, the newly assembled
virus particles, which fuse with the plasma membrane and
remain attached to the outside of the cell, are able to induce
Arp2/3 complex-dependent actin polymerization to enhance
their spread into neighboring cells (Frischknecht et al., 1999;
Roberts and Smith, 2008; Ward and Moss, 2001). The stimula-
tion of actin polymerization involves the ability of the extracellular
virus to locally activate Src and Abl family kinases (Frischknecht
et al., 1999; Newsome et al., 2004, 2006; Reeves et al., 2005).
These activated kinases phosphorylate tyrosine 112 and 132 of
an integral viral membrane protein, A36 (Frischknecht et al.,
1999; Newsome et al., 2004, 2006), which is localized beneath
extracellular virus following their fusion with the plasma mem-
brane (Ro¨ttger et al., 1999; Smith et al., 2002; van Eijl et al.,
2000). Phosphorylation of tyrosine 112 of A36 creates a binding
site for the SH2 domain of the adaptor, Nck, which is recruited
together with WIP (WASP interacting protein) and N-WASP
(Frischknecht et al., 1999; Moreau et al., 2000; Snapper et al.,
2001; Weisswange et al., 2009; Zettl and Way, 2002). The pres-
ence of the proline-rich region of N-WASP and the phosphoryla-
tion of tyrosine 132 of A36 result in the recruitment of the adaptor
Grb2, which helps stabilize the Nck:WIP:N-WASP complex
beneath the virus (Scaplehorn et al., 2002; Weisswange et al.,
2009). The recruitment of N-WASP leads to the local activation
the Arp2/3 complex and actin polymerization, which helps
propel the virus into neighboring cells (Cudmore et al., 1995,
1996; Hollinshead et al., 2001; Roberts and Smith, 2008; Ward
and Moss, 2001).
The strong sequence conservation of A36 and the presence of
a counterpart to tyrosine 112 in all sequenced orthopoxvirus
genomes (http://www.poxvirus.org) suggests that actin poly-
merization is likely to enhance cell-to-cell spread of all members
of this poxvirus genus. It has also been reported that the Yata-
poxvirus, yaba-like disease virus (YLDV), as well as the Lepori-
poxvirus myxoma, are able to induce actin tails (Duteyrat et al.,
2006; Law et al., 2004). However, the genomes of YLDV and
myxoma lack an obvious A36 ortholog (Cameron et al., 1999;
Law et al., 2004; Lee et al., 2001). This raises the possibility
that these two poxviruses may use a different mechanism from
vaccinia to stimulate actin polymerization. Identification of the
viral protein and host proteins involved in YLDV- and Myxoma-
induced actin polymerization therefore offers the potential to
identify new cellular pathways that are capable of stimulatingvier Inc.
AMeOH Fix
PFA Fix
YL
12
6
D
N
A
 (D
A
PI
)
38
28
17
49
62
98
YL126
Tubulin
124R 125R 126R 127R
Putative Vaccinia Orthologue
YLDV Genome Organisation
A35R A37R? ?
B
C
D
YL
12
6
A
ct
in
No
n-
inf
ec
te
d
YL
DV
kDa
M
er
ge
M
er
ge
Figure 1. YL126 Is Associated with Virus
Particles and Virus-Induced Actin Tails
(A) Schematic representation of the organization of
the YLDV genome in the region corresponding to
the A36R locus in vaccinia. YLDV orthologs of
vaccinia A35R and A37R genes are shown, and
‘‘?’’ indicates YLDV genes with no predicted func-
tion or vaccinia ortholog.
(B) Immunoblot analysis of YL126 expression in
YLDV-infected CV1 cells at 24 hr postinfection.
The molecular weight makers are indicated, and
tubulin represents a loading control.
(C) Immunofluorescence image of CV1 cells fixed
with methanol at 16 hr postinfection with YLDV
reveals that YL126 (red) is associated with a peri-
nuclear compartment (yellow arrow) and DNA-
positive virus particles (DAPI, green) (white arrows
in enlarged panels).
(D) YL126 (red) is also associated with the tips of
YLDV induced actin tails (white arrows in enlarged
panels) in para-formaldehyde fixed cells. Scale
bars = 10 mm.
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Figure 2. YL126 Rescues Actin Tail Formation in Vaccinia Virus Lacking A36
(A) Immunoblot analysis of HeLa cells infected with the indicated viruses at 8 hr postinfection with antibodies against YL126 and A36. The viral proteins F12 and
A27, as well as actin, are provided as infection and loading controls, respectively.
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Yaba-like Disease Virus Actin Polymerizationactin polymerization. Given this possibility, we set out to identify
and characterize the protein responsible for YLDV actin tail
formation. Using a complementation approach, we found that
the YL126 protein of YLDV, which has less than 15% amino
acid sequence identity with A36, is able to induce Nck- and
N-WASP-dependent actin polymerization. Moreover, the identi-
fication of YL126 allowed us to identify the presence of divergent
viral proteins capable of inducing Nck- and N-WASP-dependent
actin polymerization in the genomes of Yaba monkey tumor
virus (Yatapoxvirus), lumpy skin disease virus (Capripoxvirus),
Shope fibroma and myxoma viruses (Leporipoxvirus), swine
pox (Suipoxvirus), and squirrel pox. Our results suggest that
actin polymerization-driven enhancement of the spread of
infection is widespread throughout vertebrate poxviruses
(Chordopoxviridae).
RESULTS
YL126 Is Associated with YLDV Particles Inducing
Actin Tails
Examination of the YLDV genome revealed that the 124R and
127R open reading frames represent orthologs of the vac-
cinia A35R and A37R genes, respectively (Lee et al., 2001)
(Figure 1A). This raised the possibility that the 125R and 126R
genes of YLDV might encode a functional ortholog of A36,
given that poxvirus orthologs are usually organized in a colinear
fashion within their respective genomes (Gubser et al., 2004;
Upton et al., 2003). Moreover, the 126R gene encodes for
a protein that is two amino acids longer than A36 and is also
predicted to have an N-terminal transmembrane domain. Given
this similarity, we raised an antibody against a peptide corre-
sponding to residues 203–223 at the C terminus of YL126
(Figure S1 available online). Western blot analysis reveals that
the YL126 antibody detects a single band in YLDV-infected
cells (Figure 1B). Immunofluorescence analysis of YLDV-
infected cells demonstrates that YL126 is associated with
a perinuclear compartment that is indicative of viral assembly
sites (Figure 1C). YL126 is also present on DNA-positive virus
particles, a subset of which is able to induce actin tails (Fig-
ure 1C and 1D).
YL126 Is a Functional Ortholog of A36
To examine whether YL126 is required for YLDV actin tail forma-
tion, we attempted to replace the YLDV 126R gene with a gpt
selection cassette using homologous recombination. We were,
however, unable to isolate a recombinant virus lacking the
YL126R gene. As an alternative strategy, we generated a
recombinant hybrid vaccinia virus expressing YL126 in place of
A36 by rescuing the WR-DA36R virus with the YL126R gene.
Western blot analysis of cells infected with the hybrid virus
(WR-DA36R-YL126R) revealed the presence of a single band
that is similar in size to that seen in YLDV-infected cells
(Figure 2A). Consistent with previous observations (Frischknecht(B) Immunofluoresence images illustrating the lack of actin tails in HeLa cells in
WR-DA36R-YL126R (middle), and the association of YL126 with virus particles i
highlight B5-positive particles on actin tails (middle) and colocalization of YL126
(C) Representative images of plaques formed by the indicated viruses in conflue
Cell Host &et al., 1999; Sanderson et al., 1998; Wolffe et al., 1998), cells
infected with WR-DA36R virus are unable to form actin tails
(Figure 2B). In contrast, we found that the WR-DA36R-YL126R
virus was able to induce actin tails (Figure 2B). Immunofluores-
cence analysis of WR-DA36R-YL126R-infected cells also
reveals that YL126 colocalizes with B5 in a perinuclear
membrane compartment, as well as on intracellular enveloped
virus (IEV) and extracellular enveloped virus particles attached
to the plasma membrane (Figure 2B). The presence of numerous
extracellular virus particles in WR-DA36R-YL126R-infected, but
not WR-DA36R-infected, cells indicates that YL126 must also
rescue the microtubule transport defect associated with the
loss of A36 (Rietdorf et al., 2001; Ward and Moss, 2001). Consis-
tent with its ability to undergo microtubule-based transport to
the cell periphery and induce actin tails, we found that the
WR-DA36R-YL126R virus formed plaques that were larger
than those formed by WR-DA36R (Figure 2C). The plaques
formed by the WR-DA36R-YL126R virus were not, however,
as large as those seen in WR infections (Figure 2C). Our obser-
vations indicate that YL126 is a divergent functional ortholog
of A36.Nck and N-WASP Are Essential for YL126-Induced
Actin Tails
To obtain additional insights into YL126-induced actin polymer-
ization, we performed live-cell imaging of WR-, WR-DA36R-
YL126R-, and YLDV-infected HeLa cells stably expressing
YFP-actin. We found that WR, WR-DA36R-YL126R, and YLDV
viruses all move at a similar velocity of 0.17–0.18 mm/s (Figure 3A
and Movies S1–S3). Interestingly, however, WR-DA36R-YL126R
and YLDV move in a more chaotic fashion with frequent changes
in direction (Figure 3A and Movies S2 and S3). In addition, we
also found that YL126-induced actin tails were less robust and
more prone to collapse than were A36-induced actin tails
(Figure 3A). The reduced directionality and stability of YLDV-
and WR-DA36R-YL126R-induced actin tails suggests that
YL126 may induce actin polymerization using a modified or
different signaling network to that recruited by A36. To explore
whether this is the case, we examined whether YLDV and WR-
DA36R-YL126R recruit the same components as those found
in the vaccinia-signaling network. Immunofluorescence analysis
revealed the presence of a prominent phosphotyrosine signal on
the tips of actin tails induced by all three viruses (Figure 3B). All
three viruses also recruited GFP-tagged Grb2, Nck, WIP, and
N-WASP, suggesting that they use a similar signaling network
to stimulate Arp2/3 complex-dependent actin polymerization
(Figure 3B).
To examine whether Nck and N-WASP are essential for
YL126-induced actin tail formation, we took advantage of mouse
cell lines lacking endogenous Nck1/2 or N-WASP (Bladt et al.,
2003; Snapper et al., 2001). Unfortunately, YLDV cannot produc-
tively infect mouse cells (Hu et al., 2001). However, using the
WR-DA36R-YL126R virus, we found that no actin tails werefected with WR-DA36R (top), the recovery of actin tails in cells infected with
n cells infected with WR-DA36R-YL126R (bottom). Arrows in enlarged inserts
with B5 (bottom). Scale bar = 10 mm.
nt BS-C-1 cell monolayers stained with crystal violet at 4 days postinfection.
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Figure 3. YL126 Actin Tail Formation Is Dependent on Nck and N-WASP
(A) Scatter plot of actin tail velocity (top) and their directionality (middle) for the indicated viruses. The mean and standard error of the mean are indicated by the
black and colored horizontal bars, respectively. ***p < 0.001 and n = 150 from three independent experiments. The bottom graph shows Kaplan-Meier survival
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Yaba-like Disease Virus Actin Polymerizationformed in the absence of Nck1/2 or N-WASP (Figure 3C), as
previously observed for WR (Snapper et al., 2001; Weisswange
et al., 2009). WR-DA36R-YL126R, like WR (Weisswange et al.,
2009), is also still able to recruit GFP-Nck in the absence of
N-WASP (Figure S2). However, both viruses were unable to
recruit GFP-Grb2 in the absence of Nck1/2 (Figure S2). The
lack of actin tails in WR-DA36R-YL126R-infected cells lacking
Nck1/2 or N-WASP is specific to the loss of Nck or N-WASP,
as expression of GFP-tagged Nck and N-WASP was able to
rescue WR-DA36R-YL126R actin tail formation (Figure 3C).
Our observations indicate that YL126-dependent actin tail
formation requires the presence of Nck and N-WASP.
Multiple Tyrosine Residues in YL126 Are Involved in
Recruiting the Signaling Complex
Vaccinia actin tail formation is critically dependent on Src and
Abl family kinase-mediated phosphorylation of tyrosine 112 of
A36. Sequence comparisons between A36 and YL126, however,
do not immediately indicate a tyrosine residue in the YLDV
protein that is equivalent to tyrosine 112 of the vaccinia protein
(Figure S1). To predict potential Nck- and Grb2-binding tyrosine
residues in YL126, we used the Scansite server (http://scansite.
mit.edu) (Obenauer et al., 2003). The Scansite server indicates
that the residues following tyrosines 131, 155, and 175 of
YL126 match a medium stringency consensus-binding motif
for the Nck SH2 domain (Figure 4A). The residues following tyro-
sine 185 also give a good prediction for a binding motif for the
SH2 domain of Grb2 (Figure 4A). To examine whether phosphor-
ylated tyrosines 131, 155, 175, 185, and their surrounding resi-
dues can bind their predicted adaptor, we performed in vitro
peptide-binding assays using bacterially expressed Grb2 and
Nck1. We found that Nck was able to bind the peptides contain-
ing phosphorylated tyrosines 131, 155, and 175, but not tyrosine
185 (Figure 4B). In contrast, Grb2 was able to bind the peptide
containing phosphorylated tyrosine 185, but not tyrosines 131,
155, or 175 (Figure 4B).
To examine the role of phosphorylation of these tyrosine resi-
dues in promoting actin tail formation, we examined the effect
of replacing tyrosines 131, 155, and 175 or 185 with phenylalanine
on the ability of the WR-DA36R-YL126R virus to induce actin
polymerization. Mutation of each of these tyrosine residues re-
sulted in a slight reduction in the level of tyrosine phosphorylation
of the YL126 mutant as compared to the wild-type protein
(Figures 4C and S3). We found, however, that mutation of indi-
vidual Nck-binding tyrosines 131, 155, or 175 had no significant
effect on actin tail formation or the rate of virus movement
(Figure S3). In contrast, in cells infected with the recombinant
WR-DA36R-YL126R virus expressing YL126-Y185F, there was
a dramatic reduction in actin tail length when compared to the
wild-type YL126 (Figure 4D). Live-cell imaging revealed that there
was also a significant 20.9% decrease in the velocity ofgraphs for actin tails induced by the indicated viruses over 4 min (n = 50 from five
between YL126- and A36-induced actin tails.
(B) Immunofluoresence images showing the presence of phosphotyrosine (P-T
(green) to actin tails (red) induced by WR, YLDV, and WR-DA36R-YL126R.
(C) Immunofluoresence images illustrating that the WR-DA36R-YL126R virus (whi
but not in their absence in mouse embryonic fibroblast cell lines lacking endogen
stain detected with Cy5. The GFP-Nck and GFP-N-WASP signals are not shown
Cell Host &WR-DA36R-YL126R expressing YL126-Y185F (Figure 4E).
When tyrosines 131, 155, and 175 were all replaced by phenylal-
anine (YL126-Y3xF), there was a considerable reduction in the
level of tyrosine phosphorylation of the protein (Figure 4C), which
resulted in the formation of significantly shorter actin tails and
a 25.6% decrease in the velocity of the virus (Figures 4D and
4E). When tyrosines 131, 155, 175, and 185 of YL126 were all re-
placed by phenylalanine (YL126-Y4xF), there was a dramatic
69.2% reduction in the velocity of the mutant virus when
compared to WR-DA36R-YL126R (Figure 4E). The ability of the
YL126-Y4xF virus to still induce actin polymerization suggests
that at least one more phosphorylated tyrosine residue in YL126
is also capable of recruiting an additional adaptor molecule.
Immunofluorescence analysis confirmed that there is a weak
phosphotyrosine signal associated with YL126-Y4xF virus-
nucleating actin polymerization (Figure 5A). It is likely that the
additional adaptor is Nck, as the WR-DA36R-YL126R virus is
unable to induce actin tails in the absence of Nck1/2
(Figure 3C). Consistent with this suggestion, we were able to
detect very low levels of Nck, but not Grb2, on phosphotyro-
sine-positive YL126-Y4xF virus-inducing actin polymerization
(Figure 5B). Re-examination of the YL126 sequence using the
Scansite server at low stringency suggests that tyrosine residues
121, 144, 164, and 200 might also interact with Nck if they are
phosphorylated (Figure 4A). In vitro peptide-binding assays
demonstrated that tyrosines 144 and 200, but not 121 or 164,
were able to bind Nck when they were phosphorylated
(Figure 5C). Although mutation of tyrosine 144 or 200 of YL126
slightly reduced the level of tyrosine phosphorylation of the
protein, there was no significant effect on actin tail formation or
the rate of virus movement (Figure S3).
Based on these additional interactions, we generated a re-
combinant WR-DA36R-YL126R virus in which tyrosine residues
131, 144, 155, 175, and 200 of YL126 were replaced with phenyl-
alanine (YL126-Y5xF). We found that a proportion of YL126-
Y5xF virus particles recruited actin, some of which formed small
actin tails (Figure 5D). The recruitment of actin was not observed
when the tyrosine 185 was additionally mutated to phenylalanine
(YL126-Y6xF) (Figure 5D). The WR-YL126-Y6xF virus was,
however, still able to spread to the cell periphery and fuse with
the plasma membrane even though it is unable to induce actin
polymerization (Figures 5D and S4). Our observations indicate
that five individual phosphorylated tyrosine residues in YL126
are capable of recruiting Nck. However, optimal actin tail forma-
tion involves the participation of multiple Nck-binding phospho-
tyrosines, as well as the recruitment of Grb2.
Nck- and N-WASP-Dependent Actin Tail Formation
Is Widespread in Chordopoxviridae
Based on our observations, we reasoned that other poxvirus
genera might also contain highly divergent orthologs of YL126independent cells). Log rank (Mantel-Cox) test reveals a significance of < 0.05
yr, green) and the recruitment of GFP-tagged N-WASP, Nck, Grb2, and WIP
te arrows) induces actin tails in the presence of GFP-tagged N-WASP and Nck,
ous N-WASP or Nck1/2. Virus particles are visualized using an extracellular B5
for clarity. Scale bars = 2 mm.
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Figure 4. Multiple Phosphotyrosines Cooperate in YL126 Actin Tail Formation
(A) The table shows all tyrosine residues in YL126 together with their following three residues (Y+3) and potential to bind the SH2 domains of Nck1 or Grb2 as
predicted by the Scansite (http://scansite.mit.edu). Residues experimentally shown to bind Nck and Grb2 are boxed in red and green, respectively.
(B) Coomassie-stained gel showing that His-Nck binds to tyrosine 131, 155, and 175 phosphopeptides, whereas His-Grb2 only interacts with the tyrosine 185
phosphopeptide. The extract and peptides (p = phosphopeptide) are shown above the gels.
(C) Immunoblot analysis with anti-phosphotyrosine antibody (P-Tyr) reveals that mutation of the tyrosines in the indicated YL126 mutants results in a progressive
reduction in the level of tyrosine phosphorylation even though the levels of YL126 are similar.
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Yaba-like Disease Virus Actin Polymerizationthat are capable of inducing actin tails. Searches based upon
a combination of genome position and sequence similarity to
YL126 identified a number of potential viral proteins that might
also be capable of promoting actin tail formation in a wide range
of different poxviruses, including Yaba monkey tumor virus
(YMTV-126), myxoma virus (MYXV-125), Shope fibroma virus
(SFV-125), lumpy skin disease virus (LSDV-126), swine poxvirus
(SPV-123), squirrel poxvirus (SQPV-C4), and molluscum conta-
giosum (MCV-146) (Figure 6A). All of these proteins, with the
exception of MCV-146, are predicted to contain tyrosine resi-
dues that would be capable of binding Nck when phosphory-
lated (Figure 6A). To determine whether these divergent YL126
orthologs were capable of initiating actin polymerization, we ex-
pressed Cherry-tagged versions of each protein in WR-DA36R-
infected cells (Figure 6B). With the exception of MCV-146, we
found that all of the proteins tested were recruited to IEV and
able to rescue actin tail formation in WR-DA36R-infected cells,
even though they share little or no sequence identity to A36
(Figures 6A and 6B). In addition, in all cases, actin tail formation
was critically dependent on Nck and N-WASP (Figures 6C and
S5). Consistent with the WR-DA36R complementation results,
we also found that Yaba monkey tumor, myxoma, and swine
poxviruses were capable of inducing actin tails during the course
of their normal infection cycles (Figure 7). Our observations
suggest that the ability to induce actin tails is not restricted to
vaccinia and Yaba-like disease virus but is widespread
throughout vertebrate poxviruses (Chordopoxviridae).
DISCUSSION
Vaccinia virus, which is the prototypic and most characterized
member of the orthopoxvirus genus of poxvirdae has evolved
the ability to stimulate actin polymerization to enhance its cell-
to-cell spread (Roberts and Smith, 2008). Vaccinia achieves
this by locally activating Src and Abl family kinases at the plasma
membrane to mediated phosphorylation of two tyrosine residues
in A36, an integral viral membrane protein (Frischknecht et al.,
1999; Newsome et al., 2004, 2006; Reeves et al., 2005). Once
phosphorylated, A36 recruits a signaling network consisting of
Grb2, Nck, WIP, and N-WASP, which is able to recruit and stim-
ulate the actin-nucleating activity of the Arp2/3 complex (Frisch-
knecht et al., 1999; Moreau et al., 2000; Scaplehorn et al., 2002;
Snapper et al., 2001; Weisswange et al., 2009; Zettl and Way,
2002). The presence of A36 homologs with a sequence identity
of 81%–100% in the genome of all available orthopoxviruses
(http://www.poxvirus.org) suggests that other members of this
genus are also likely to use a similar mechanism to enhance their
cell-to-cell spread. In contrast, the genomes of the seven other
genera of the vertebrate poxviruses (Chordopoxviridae) appear
to lack a protein with obvious sequence similarity to A36
(http://www.poxvirus.org). Nevertheless, Yaba-like disease virus
(YLDV) and myxoma virus (MYXV) can still induce the formation
of actin-rich projections at the plasma membrane (Duteyrat
et al., 2006; Law et al., 2004). As part of our long-term goal to(D) Immunofluoresence images illustrating the ability of the indicated viruses visu
Scale bar = 2 mm.
(E) Graph showing velocities of actin-based movement of viruses expressing the
**p < 0.01; ***p < 0.001. Error bars represent standard error of the mean, and n =
Cell Host &understand how signaling networks stimulate actin polymeriza-
tion, we set out to determine how YLDV induces actin tails in
the absence of an obvious A36 ortholog.
YL126 Is a Functional Ortholog of A36
Our study has shown that the YLDV protein YL126 is associated
with a perinuclear membrane compartment and YDLV particles,
a subset of which can induce actin tails. Moreover, we found that
YL126 was incorporated into IEV particles and capable of
inducing actin polymerization when expressed in a WR-DA36R
background even though it has less than 15% amino acid
sequence identity to A36. The recruitment of YL126 into IEV indi-
cates that it must be able to interact with the cytoplasmic domain
of A33 because this interaction is required to recruit A36 into the
virus (Ward et al., 2003; Wolffe et al., 2001). Of interest, YL126
contains a sequence motif, WDNE (Figure S1 and S6), that is
also present in residues 91–111 of A36, the region responsible
for interacting with A33 (Ward et al., 2003).
The presence of numerous virus particles on the outside of the
plasma membrane of WR-DA36R-YL126R-infected, but not WR-
DA36R-infected, cells also demonstrates that YL126 can rescue
the IEV microtubule transport defect observed in the absence of
A36 (Rietdorf et al., 2001; Ward and Moss, 2001). During vaccinia
infection, the recruitment of kinesin-1 to IEV is dependent on the
interaction of its light chain with residues 81–111 of A36 (Rietdorf
et al., 2001; Ward and Moss, 2004), which overlaps with the A33-
binding site (Ward et al., 2003). Moreover, the interaction of A36
with A33 is mutually exclusive to that of kinesin-1 (Ward and
Moss, 2004). Given these observations, it is likely that YL126
also binds to kinesin-1 via the same WDNE-containing region.
Consistent with this proposition, previous observations have
shown that Calsyntenin-1/Alcadein, as well as g-Bar/Gadkin,
recruit kinesin-1 by interacting directly with the kinesin-1 light
chain via a short repeated WD/E-containing motif (Araki et al.,
2007; Konecna et al., 2006; Schmidt et al., 2009; Figure S6).
The YL126- and A36-Signaling Networks Are Organized
Differently
Actin tails formed by vaccinia and Yaba-like disease virus
behave very differently from each other even though they move
with a similar speed. Vaccinia-induced tails have greater direc-
tional persistence, as they do not tend to undergo dramatic
changes in direction. In contrast, YDLV-induced tails move in
a more chaotic fashion, with frequent changes in direction.
This difference in actin tail behavior must be related to the mech-
anism, by which YL126 stimulates actin polymerization rather
than differences between the two viruses, as WR-DA36R-
YL126R-induced-actin tails behave like YLDV and not vaccinia
virus. We found, however, that A36 and YL126 recruit the
same cellular proteins and that, in both cases, actin tail formation
is critically dependent on Nck and N-WASP.
In the case of vaccinia, phosphorylation of tyrosine 112 of A36
is necessary and sufficient to recruit Nck, WIP, and N-WASP
to initiate Arp2/3 complex-dependent actin polymerizationalized by extracellular B5 staining (green) to induce actin polymerization (red).
indicated YL126 tyrosine mutations determined from tracking GFP-N-WASP.
20 from five independent cells.
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Figure 5. All Five Nck-Binding Tyrosine Residues Can Participate in Actin Tail Formation
(A) Immunofluoresence images showing the presence of phosphotyrosine (P-Tyr, green) on B5-positive extracellular virus particles nucleating actin polymeriza-
tion (red) in WR-DA36R-YL126R- and WR-DA36R-YL126R-Y4xF-infected, but not WR-A36R-YdF-infected, cells. Scale bar = 2 mm.
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Yaba-like Disease Virus Actin Polymerization(Frischknecht et al., 1999; Scaplehorn et al., 2002; Weisswange
et al., 2009). In contrast, at least five individual phosphorylated
tyrosines in YL126 are capable of interacting with Nck in vitro.
Our mutagenic analysis shows that optimal actin polymerization
involves recruitment of Nck by multiple phosphotyrosine resi-
dues, suggesting that all five sites work together to achieve
the maximum rate of virus movement. A similar cooperation
between the three phosphorylated tyrosine residues capable of
interacting with Nck in nephrin has also been observed during
N-WASP-mediated actin polymerization (Blasutig et al., 2008).
Our binding studies show that five phosphotyrosine residues in
YL126 are capable of binding Nck. Nevertheless, when these
residues were mutated to phenylalanine, we found that some
of the WR-YL126-Y5xF virus particles were still able to stimulate
actin polymerization. This suggests that there is an additional
tyrosine residue in the context of an infection that is capable of
recruiting Nck, as YL126-mediated actin polymerization is Nck
dependent. This tyrosine residue is not, however, able to
promote actin polymerization in the absence of tyrosine 185,
which is responsible for recruiting Grb2. This suggests that
Grb2 recruitment by YL126 plays an important cooperative role
in promoting Nck-dependent actin polymerization. Consistent
with this mutation of tyrosine 185 of YL126, results in a 20.9%
reduction in rate of virus movement and actin tails are severely
shorter than controls. In contrast, in the absence of Grb2
recruitment, vaccinia moves 18% faster, and actin tails are
33% shorter in length (Weisswange et al., 2009). These
differences suggest that the proteins in the two viral-induced
signaling complexes are working together in a different
fashion, which appears to affect the ‘‘efficiency’’ with which
N-WASP is able to activate the Arp2/3 complex and stimulate
actin polymerization.
In the last few years, it has become clear that the clustering
of multiple N-WASP molecules greatly enhances their ability
to activate Arp2/3 complex-mediated actin polymerization
(Padrick et al., 2008). Given this, one might have expected that
YL126 would be more effective than A36 at promoting actin
polymerization, given its potential to recruit up to five times
more Nck and N-WASP. Our immunofluoresence images,
however, suggest that YL126- and A36-positive virus particles
recruit similar levels of Nck and N-WASP. This immediately
suggests that only a subset of the potential YL126 Nck-binding
sites in each molecule is occupied and functioning at any one
time. Moreover, it appears that there is no dominant Nck-binding
site, as mutation of individual tyrosine residues does not have
a dramatic effect on actin tail formation or virus speed. We
envisage that the ability of multiple clustered YL126 molecules
to recruit Nck with one or more of the five different binding sites
results in a disorganized or less cooperative clustering of
N-WASP. Variations in the level of phosphorylation of each of
the five sites between different YL126 molecules, as well as(B) Immunofluoresence images showing the recruitment of GFP-tagged Nck and
(red). White arrows indicate recruitment of GFP-tagged Nck or Grb2. Scale bar =
(C) Coomassie-stained gel showing that His-Nck binds to tyrosine 144 and 200
above the gel.
(D) Some WR-DA36R-YL126R-Y5xF virus particles, but not all (yellow arrows), ar
actin tails (white arrow). In contrast, WR-DA36R-YL126R-Y6xF is unable to induce
B5-positive particles. Scale bar = 10 mm.
Cell Host &differences in their Nck-binding affinity, will also favor the forma-
tion of less cooperative signaling complexes. Consequently,
N-WASP may not be as effective at activating the Arp2/3
complex and/or binding to the barbed ends of growing actin fila-
ments, and this leads to the more variable behavior of the actin
tails. Reduced cooperativity between individual Nck:N-WASP-
signaling complexes may also explain why YL126-induced actin
tails are more prone to collapse than those induced by A36.
More ‘‘chaotic’’ Nck:N-WASP interactions would also explain
why Grb2 plays a more important role in YL126- than A36-
induced actin tails. In the case of A36, each molecule can only
recruit a single Nck, which is able to cluster N-WASP in a regular
and more optimal fashion. This allows for the efficient activation
of the Arp2/3 complex, robust actin polymerization, and interac-
tion with the ends of growing actin filaments, which, in turn,
helps stabilize the signaling complex beneath the virus (Weiss-
wange et al., 2009).
Nck- and N-WASP-Dependent Actin Polymerization
Are Highly Conserved in Chordopoxviridae
A36 and YL126 are both able to stimulate Nck- and N-WASP-
dependent actin polymerization even though their cytoplasmic
domains only have 14.2% amino acid sequence identity to
each other. With this level of identity, it would be difficult, if not
impossible, to identify divergent viral proteins that are capable
of inducing actin polymerization in other members of the
Chordopoxviridae based on sequence similarity to A36. The
identification of YL126, however, allowed us to uncover diver-
gent YL126 orthologs in Yaba monkey tumor virus (Yatapoxvi-
rus), myxoma and Shope fibroma Viruses (Leporipoxvirus),
lumpy skin disease virus (Capripoxvirus), swine poxvirus (Sui-
poxvirus), squirrel poxvirus, and molluscum contagiosum. We
found that these YL126 orthologs, with the exception of MCV-
146 from Molluscum contagiosum, rescued actin tail formation
in WR-DA36R-infected cells, even though they have as little as
5.8% amino acid sequence identity to each other. Moreover, in
all cases, actin polymerization was dependent on the recruit-
ment of Nck and N-WASP.
MCV-146 was unable to rescue actin tail formation in
WR-DA36R-infected cells. However, MCV-146 is not predicted
to contain any potential Nck-binding sites and was also not
recruited into IEV particles. Of interest, MCV-146 does not
contain the WDNE motif observed in A36 or YL126. In contrast,
the other YL126 orthologs, which are all recruited into IEV parti-
cles, contain a WD or closely related YD and WN motif (Figures 6
and S6). Future experiments will be required to determine
whether the WD motif is required for an interaction with A33
and whether this motif is a major determinant for recruitment
into IEV particles. The ability of YL126 orthologs to induce actin
tails, which only form at the plasma membrane (Hollinshead
et al., 2001; Rietdorf et al., 2001), suggests that they must alsoGrb2 (green) to the indicated YL126 mutant virus inducing actin polymerization
2 mm.
phosphopeptides. The extract and peptides (p = phosphopeptide) are shown
e capable of inducing actin polymerization (pink arrows) and occasional small
actin polymerization. Arrows in enlarged inserts highlight individual YL126- and
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Yaba-like Disease Virus Actin Polymerizationbe able to recruit kinesin-1. Future studies will confirm whether
this is the case and whether they can interact with F12, which
also binds to A36 (Johnston and Ward, 2009). Moreover, further
functional comparisons between A36, YL126, and the divergent
YL126 orthologs promise to provide new insights into many
outstanding questions concerning IEV morphogenesis and
movement to the cell periphery, in addition to providing impor-
tant information concerning how the organization of signaling
networks regulates actin polymerization.
In conclusion, we have demonstrated that a family of divergent
A36/YL126 orthologs from vertebrate poxviruses is capable of
driving Nck- and N-WASP-dependent actin polymerization.
The widespread presence of A36/YL126 orthologs throughout
the Chordopoxviridae suggests that the ability to stimulate actin
polymerization represents a common mechanism to enhance
the spread of virus infection. Future studies aimed at under-
standing the molecular differences between these divergent
A36/YL126 orthologs offer a great opportunity to understand
how the organization of phosphotyrosine-based signaling
networks regulates actin polymerization.
EXPERIMENTAL PROCEDURES
Cells and Viruses
HeLa and RK-13 cells were grown in MEM; CV1, ESK-4, and MEF lines were
cultured in DMEM; and BS-C-1 cells were grown in low-glucose minimal
essential media, each of which contained 10% FCS, penicillin, and strepto-
mycin. Nck 1/2/ (Bladt et al., 2003) and N-WASP/ (Snapper et al., 2001)
cells were kindly provided by Drs. Tony Pawson (Samuel Lunenfeld Research
Institute, Toronto, Canada) and Scott Snapper (Department of Medicine and
Immunology, Massachusetts General Hospital, Boston, USA), respectively.
Nck 1/2/ and N-WASP/ cells stably expressing GFP-tagged Nck1 and
N-WASP have been described previously (Weisswange et al., 2009).
Plaque assays on BS-C-1 cells were performed as previously described
(Arakawa et al., 2007a). Vaccinia Western Reserve (WR) virus was amplified
in HeLa cells at 37C. Yaba-like disease virus (Davis strain) (YLDV) was
obtained from ATCC (VR-937) and amplified in CV1 cells at 37C. Yaba
monkey tumor virus (YMTV) was obtained from ATCC (VR-587) (Roswell
Park-Yohn) and cultured in CV1 cells grown at 33C. Swine poxvirus (Kasza
strain) (SWPV) was obtained from ATCC (VR-363) amplified in ESK-4 cells at
37C. Myxoma virus (T1 strain) (MYXV) was provided by Dr. Stephane Bertag-
noli (INRA, UMR 1225, Toulouse, France) and amplified in RK-13 cells. All
viruses were handled according to standard vaccinia protocols.
Antibodies, Immunofluoresence Analysis, and Live-Cell Imaging
Monoclonals C3 (Rodriguez et al., 1985), 19C2 (Hiller and Weber, 1985), AC74
(Sigma), and 4G10 (Millipore) were used to detect A27, B5, actin, and phos-
photyrosine, respectively. Polyclonal antibodies against A36 (Ro¨ttger et al.,
1999) and F12 (Dodding et al., 2009) have been described previously. Rabbit
polyclonal antibodies against a peptide corresponding to amino acid residues
203–223 of YL126 (PLNNFNKNYYSYNTNDFVSNV; Figure S1) were produced
and purified as described previously (Dodding et al., 2009).Figure 6. Divergent YL126 Orthologs Induce Actin Tails in a N-WASP/N
(A) Table showing the sequence identity of the cytoplasmic domains of the indic
YLDV, Yaba-like disease virus; YMTV, Yaba monkey tumor virus; MYXV, myxoma
poxvirus; SQPV, squirrel poxvirus; MCV, molluscum contagiosum. The protein l
defined by Scansite (p), or experimentally determined Nck-binding sites (exp, re
(B) Immunofluoresence images showing the ability of the indicated poxvirus YL1
arrows highlight virus particles, which are positive for the Cherry-tagged YL126 o
(left), 2 mm (right).
(C) Ectopic expression of Myx125R-Cherry in WR-DA36R-infected cells promotes
visualized using an extracellular B5 stain (green), and actin cytoskeleton is show
Cell Host &Cells were infected with the indicated viruses, fixed using20C methanol or
PFA followed by permeabilization with Trition X-100 and processed for immu-
nofluorescence analysis as previously described (Arakawa et al., 2007b). Actin
filaments were typically stained with phalloidin-568 (red), and virus particles
were detected with the anti-rat B5 19C2 monoclonal or anti-rabbit YL126 poly-
clonal followed by a FITC-conjugated secondary antibody (Jackson Laborato-
ries). In cases in which the green channel was occupied by GFP, B5 was de-
tected using an anti-rat Cy5-conjugated secondary antibody (Invitrogen).
Where the red channel was occupied with the Cherry, actin was visualized
using phalloidin-488 (green). Extracellular virus particles were stained with
the 19C2 monoclonal prior to permeabilization. When required, cells were
transfected immediately after infection with pE/L expression vectors (Frisch-
knecht et al., 1999). All images were collected using an Apochromat 63/1.40
NA oil lens on a Zeiss Axioplan 2 controlled by Metamorph (Molecular Devices
Corporation) using a monochromatic CoolSNAP HQ camera (Photometrics).
Figures were pseudocolored as indicated for ease of interpretation and were
prepared for publication using Adobe software packages (Adobe, CA, USA).
The movement of actin tails was imaged in viral infected HeLa cells stably
expressing a YFP-actin at 8 or 48 hr postinfection, respectively, for vaccinia
or YLDV as previously described (Arakawa et al., 2007a; Dodding et al.,
2009). Directionality was determined as the ratio of the straight line distance
traveled to the total distance traveled by the virus particle at the tip of the actin
tail during 1 min of imaging. Values lower than 1 indicate deviation from
a straight line. The movement of GFP-N-WASP at the tips of WR-DA36R-
YL126R-induced tails was also imaged and measured using Metamorph
(Weisswange et al., 2009). Data are presented as mean ± standard error of
the mean and were analyzed by ANOVA with a Newman-Keuls posttest using
Prism 4.0 (GraphPad Software, CA).
To assess actin tail robustness, infected HeLa cells were imaged at a rate of
one frame every 5 s for 4 min using phase contrast microscopy. The fate of all
actin tails observed in the cell body of the first image was followed and the time
noted when they terminated. Data is presented as a Kaplan-Meier survival
graph, with the percentage of tails remaining shown.Construction of WR-DA36R-YL126R Virus and YL126 Tyrosine
Mutants
In brief, the DNA corresponding to 324 bp upstream of A36R was cloned into
the Not1-BamH1 site of pBS SKII. The E.coli xanthine-guanine phosphoribosyl
transferase gene (GPT) under the control of a vaccinia synthetic early/late
promoter was then cloned into the BamH1-EcoRI of this vector. The DNA cor-
responding to the last 40 bp of A36R and the following 600 bp of A37R were
then cloned into the EcoRI-HindIII sites of this vector. Finally, the YL126R
gene (Lee et al., 2001) was amplified from YLDV genomic DNA and cloned
into the BamH1 site between the 324 bp of upstream sequence and the
GPT cassette to generate the WR-DA36R-YL126R targeting vector.
The recombinant WR-DA36R-YL126R virus was isolated from transfected
WR-DA36R-infected cells by five rounds of plaque purification while selecting
for an increase in plaque size under conditions of mycophenolic acid selection
as described previously (Dodding et al., 2009). The fidelity of all viruses was
verified by sequencing and western blot analysis.
YL126 tyrosine mutants were generated by mutating the required codon to
encode phenylalanine in the WR-DA36R-YL126R targeting vector using the
Stratagene site-directed mutagenesis kit following the manufacturers’ instruc-
tions. Constructs with multiple tyrosine mutations were generated using
sequential rounds of mutagenesis.ck-Dependent Manner
ated YL126 orthologs following a Clustal W alignment. VACV, vaccinia virus;
virus; SFV, Shope fibroma virus; LSDV, lumpy skin disease virus; SWPV, swine
ength, ability to induce actin tails, position of potential Nck-binding tyrosines
d) and presence of a common WD motif (or related sequence) are shown.
26 orthologs to induce actin tail formation in WR-DA36R-infected cells. White
rtholog (green) and DNA (DAPI) on the tips of actin tails (red). Scale bar = 10 mm
actin tail formation only in the presence of N-WASP and Nck. Virus particles are
n in red. Scale bar = 10 mm (left), 2 mm (right).
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Figure 7. Myxoma, Swine Pox, and Yaba Monkey Tumor Viruses
Induce Actin Polymerization
Images showing the presence of virus-tipped (DNA positive, green) actin tails
(red) in RK-13, CV1, and ESK-4 cells infected with myxoma (top), Yaba monkey
tumor virus (middle), and swine poxvirus (bottom), respectively. Yellow arrow
shows presence of cytoplasmic DNA factories, and white arrows in the
enlarged panels highlight viral DNA (DAPI staining) on tips of actin tails. Scale
bars = 10 mm.
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Phosphorylated and nonphosphorylated peptides (NEEYKYDYGKS, SEST
VYDLPQD, TEDTVYDVTDN, TEDTVYDVTDN, VENITYDLPQD, QDSIIYDLDGK,
SDVAVYDIPES, SEDNVYENNI, and FDDVKYNSPLN) containing the tyrosine548 Cell Host & Microbe 6, 536–550, December 17, 2009 ª2009 Elseresidues 121, 131, 144, 155, 164, 175, 185, and 200 in YL126 were coupled
via an additional N-terminal CGG to SulfoLink resin (Pierce Chemical Co.).
These peptide-coupled resins were then used in pull down assays on E. coli
soluble extracts containing His-tagged Nck and Grb2 as described previously
(Scaplehorn et al., 2002).
Cloning and Expression of A36R/YL126R Orthologs
Myxoma and YMTV 125R genes (Brunetti et al., 2003; Cameron et al., 1999)
were amplified from their respective genomic DNA and cloned into pEL-C-
mCherry (Arakawa et al., 2007b) to generate MYXV-125-Cherry and YMTV-
125-Cherry expression vectors. The DNA corresponding to SQPV-C4R
(McInnes et al., 2006), SWPV-123R (Afonso et al., 2002), LSDV-126R (Tulman
et al., 2001), SFV-125R (Willer et al., 1999), and MCV-146R (Senkevich et al.,
1996) were synthesized by the GenScript Corporation (NJ, USA) and cloned
into pEL-C-mCherry to allow expression of each protein with mCherry at its
C terminus. WR-DA36R cells were transfected with the pEL-C-mCherry
expression vectors and processed for immunofluoresence as described previ-
ously (Frischknecht et al., 1999).
Analysis of Protein Sequences
Protein sequences were analyzed and aligned using the MegAlign module of
the DNAStar (DNAStar Inc., WI, USA). Alignments were performed and percent
identity determined using the built-in Clustal W algorithm. Transmembrane
domains were predicted using S.M.A.R.T. (http://smart.embl-heidelberg.de)
(Schultz et al., 1998).
SUPPLEMENTAL DATA
Supplemental Data include six figures and three movies and can be found with
this article online at http://www.cell.com/cell-host-microbe/supplemental/
S1931-3128(09)00379-5.
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